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Murine Gli, Gli2, and Gli3 are zinc ®nger genes related to Drosophila cubitus interuptus, a component of the hedgehog
signal transduction pathway. In the embryonic lung, all three Gli genes are strongly expressed at the pseudoglandular
stage, in distinct but overlapping domains of the mesoderm. Expression of Gli and Gli3, but not of Gli2, is subsequently
downregulated at the canalicular stage, coincident with a decline in the expression of sonic hedgehog (Shh) and the
hedgehog receptor gene, patched (Ptc). Overexpression of Shh in the lung results in increased levels of Ptc mRNA. Gli,
but not Gli2, is also upregulated, suggesting a differential involvement of the Gli genes in the regulation of Ptc by SHH
during lung development. Gli3 is not upregulated by Shh overexpression. However, its importance for lung development
is shown by the ®nding that Gli3XtJ embryos, homozygous for a mutation involving a deletion of the Gli3 gene, have a
stereotypic pattern of abnormalities in lung morphogenesis. The pulmonary defects in these embryos, consisting of localized
shape changes and size reductions, correlate with normal Gli3 expression. Thus, our data indicate that one of the Gli
genes, Gli3, is essential for normal lung development, and that another, Gli, can be placed downstream of Shh signaling
in the lung. q 1997 Academic Press
INTRODUCTION Gli3XtJ, respectively) (Vortkamp et al., 1992; Hui and Joyner,
1993). The phenotypes resulting from these Gli3 and GLI3
mutations, together with that of Gli2-de®cient mice pro-The vertebrate Gli gene family presently consists of three
duced by gene targeting, suggest that Gli genes are essentialmembers, Gli, Gli2, and Gli3, which are orthologous to
for proper patterning and development of the limb buds,Drosophila cubitus interuptus (ci) and encode DNA-binding
skeleton, and teeth and in the formation of the central ner-proteins with ®ve zinc ®ngers (Orenic et al., 1990; Hui et
vous system and sense organs such as the eyes, nose, andal., 1994). All three genes are widely expressed during em-
whiskers (Johnson, 1967; Gollop and Fontes, 1985; Franzbryonic development in the chick and mouse, in distinct
and Beseke, 1991; Franz, 1994; Masuya et al., 1995; Mo etbut sometimes overlapping domains (Schimmang et al.,
al., 1997).1992; Walterhouse, 1993; Hui and Joyner, 1993; Hui et al.,
Genetic studies in Drosophila show that CI is hypostatic1994; Marigo et al., 1996; Mo et al., 1997). There is increas-
to the intercellular signaling protein hedgehog (HH) in bothing genetic evidence that the Gli genes play multiple roles
embryonic and imaginal tissues (Forbes et al., 1993; Hooper,during prenatal development, particularly in limb and cra-
1994; Slusarski et al., 1995; Motzny and Holmgren, 1995;niofacial development. The human GLI3 gene is disrupted
DomõB nguez et al., 1996; Alexandre et al., 1996). For exam-in the Greig cephalopolysyndactyly syndrome (Vortkamp
ple, in the anterior compartment of the wing disc, ci lieset al., 1991). Several independent mutations of mouse Gli3
downstream of hh, where it positively regulates the expres-also exist, including deletions encompassing either the 5*
sion of the HH receptor gene patched (ptc) and decapen-or the 3* end of the gene in extra toes mutants (Gli3Xt and
taplegic (dpp), and negatively regulates hh (Alexandre et al.,
1996). The regulation of ptc transcription by CI may be
direct. Three GLI consensus binding sites exist in the pro-1 These authors contributed equally to this work.
moter region of the Drosophila ptc gene and their deletion2 To whom correspondence should be addressed. Fax: (615) 343-
2033. E-mail: brigid.hogan@mcmail.vanderbilt.edu. blocks activation of a reporter gene by HH (Alexandre et
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al., 1996). However, the regulation of dpp by CI may not be ble roles of the Gli genes in lung development, including
their involvement in SHH-mediated signaling between en-simple as there may be concentration- or activity-dependent
effects, with low CI levels repressing and high CI levels doderm and mesoderm. We show that all three Gli genes
are expressed early during lung development, in differentactivating dpp transcription (DomõB nguez et al., 1996). Stud-
ies in Drosophila have also established that HH signaling but overlapping patterns, with mRNA levels declining to-
ward birth. The temporal regulation of the three genes ischanges the activity of CI at the posttranscriptional, rather
than the transcriptional level (Motzny and Holmgren, 1995; different. For Gli and Gli3 (but not for Gli2) the decline in
expression is coincident with a reduction in levels of ShhJohnson et al., 1995).
Some of the roles of CI in the HH signaling pathway and Ptc mRNA. Gli expression in lung mesoderm appears to
be positively regulated by SHH production in the endoderm,appear to have been conserved in vertebrates, although the
presence of at least three Gli family members, as well as since Gli is upregulated in SP-C±Shh transgenic embryos
overexpressing Shh speci®cally in the lung epithelium. Fi-multiple hh orthologs, has added new layers of complexity.
For example, misexpression of sonic hedgehog (SHH) in the nally, we show region-speci®c abnormalities in the lung
morphogenesis of homozygous Gli3XtJ embryos, consistentanterior wing bud of the chick results in a local upregulation
of GLI mRNA expression but downregulates the GLI3 gene with GLI3 playing a role in mesodermal cell proliferation.
(Marigo et al., 1996). In these experiments the sites of nor-
mal and ectopic GLI expression coincide with those of PTC,
so GLI may regulate PTC as part of a SHH signaling pathway
MATERIALS AND METHODS(Marigo et al., 1996). Similarly, misexpression of indian
hedgehog later in chick limb development leads to upregu-
lation of PTC and GLI in the perichondrium during the Whole-Mount in Situ Hybridization and Probe
formation of ectopic cartilage (Vortkamp et al., 1996). Templates
The Gli genes may also act upstream of Shh. In mouse
Whole-mount in situ hybridization was performed according toembryos homozygous for the Gli3XtJ mutation, Shh is upreg-
Sasaki and Hogan (1993), with modi®cations (Winnier et al., 1995).ulated in the anterior of the limb bud preceding the develop-
For E11.5 and E12.5 lungs, the initial ®xation times in 4% para-ment of extra preaxial digits (Masuya et al., 1995). Thus
formaldehyde were 20 and 35 min, respectively. Digestion times
GLI3 may normally act as a repressor of Shh expression in in proteinase K (10 mg/ml) were 4±5 min.
the limb. Templates for the Gli, Gli2, and Gli3 in situ probes were pGli
In this paper we explore the role of the Gli genes in the (a 1.7-kb partial cDNA clone), pGli2a (a 1-kb cDNA fragment en-
development of the embryonic mouse lung. The lung is compassing the ®rst two zinc ®ngers), and pGli3a (a 0.8-kb partial
derived from paired outpocketings of the foregut, each con- cDNA clone), respectively (Hui and Joyner, 1993). A second Gli2
probe template was a 1.9-kb ApaI fragment provided by Drs. L.sisting of an epithelial layer of endoderm surrounded by
Lettice and R. E. Hill, which gave a slightly stronger signal thansplanchnic mesoderm. During the pseudoglandular stage
pGli2a, with the same spatial pattern of hybridization. The sonic[from Embryonic Day 9.5 (E9.5) to approximately E16.5 in
hedgehog template was plasmid Hh-16.1, containing a 642-bpthe mouse] the buds grow and branch in a highly stereo-
EcoRI cDNA fragment encompassing the central portion of thetyped, but asymmetric pattern, to give two main bronchi,
gene (provided by Dr. A. McMahon). The patched template was
multiple bronchioles, and terminal buds (Ten Have-Op- the 841-bp fragment contained in plasmid M2-3 (Goodrich et al.,
broek, 1991). The asymmetry is readily apparent from the 1996). Wnt2 template was plasmid Wnt-2 2b7zf containing a 630-
arrangement of the ®ve lobes. The left primary bronchus bp fragment (nucleotides 870±1500) (provided by Dr. A. McMahon).
generates a single lobe, whereas the right primary bronchus Bmp4 template was a 1.55-kb full-length cDNA cloned in pSP72
generates the three right lobes and the accessory lobe (Ten (provided by Dr. G. Winnier).
Have-Opbroek, 1991). The growth of the lung and its
branching morphogenesis depend upon interactions be-
tween epithelium and mesoderm (Alescio and Cassini, Section in Situ Hybridization
1962; Spooner and Wessels, 1970), which are partly medi-
ated by signaling molecules and their receptors (Peters et In situ hybridization with 35S-labeled riboprobes was performed
as described in Zhou et al. (1993). Lungs from Gli3XtJ/Gli3XtJ em-al., 1994; Serra et al., 1994; Kaartinen et al., 1995; Bellusci et
bryos and littermates were embedded in the same block of wax, inal., 1996). We have previously shown that Shh is normally
such a way that each lung could be unambiguously identi®ed. Inexpressed at high levels in the distal tip endoderm of the
this way, homozygous mutant and control tissues were subjectedlung. Shh overexpression throughout the endoderm leads to
to identical hybridization procedures. Similarly, sections from SP-abnormal lung development, with an increase in the rate of
C±Shh transgenic and normal lungs, ®xed and processed under the
proliferation of both epithelium and mesoderm (Bellusci et same conditions, were hybridized together on the same slide.
al., 1997). Increased mesodermal proliferation in the surfac- Where expression levels were compared (between lungs from
tant protein C (SP-C)±Shh transgenic lungs is associated Gli3XtJ/Gli3XtJ embryos and their littermates or between transgenic
with an upregulation of Ptc, predominantly expressed in and nontransgenic lungs), photomicrographs were taken with the
same exposure time.mesoderm (Bellusci et al., 1997). Here, we explore the possi-
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transformation to correct for the nonnormality of the distributionNorthern Blot Analysis
of ratio measurements.
Northern blots were prepared and probed as described in Bellusci
et al. (1997), except that the hybridization used QuickHyb buffer
(Stratagene, La Jolla, CA) at 557C. Brie¯y, 10 or 20 mg total RNA
RESULTSsamples, isolated by guanidine thiocyanate extraction and cesium
chloride ultracentrifugation, were separated on 2% formaldehyde,
1.2% agarose gels and blotted onto Magna Graph nylon transfer Differential Gli Gene Expression in the Early Lung
membranes (Micron Separations, Inc., Westborough, MA). Radiola-
The Gli genes are all expressed in the developing mousebeled [32P]cDNA probes were prepared using a Stratagene Prime-It
II kit (Stratagene). For the study of expression in normal lungs, lung (Hui et al., 1994), but no detailed description of this
®lters were probed consecutively with mouse Ptc, b-actin, Gli, expression has been reported. To obtain this information
Gli2, Gli3, and Shh probes. For the comparison of normal and SP- we used whole-mount and section in situ hybridization at
C±Shh transgenic lungs, duplicate blots were probed either with early (pseudoglandular) stages and followed the expression
Ptc, Shh, and b-actin or with Gli, Gli2, Gli3, and b-actin. Shh and of the Gli genes through later lung development by North-
Ptc probes were described in Bellusci et al. (1997). The Gli, Gli2,
ern analysis. Section in situ hybridization (data not shown)and Gli3 probes are described above and were produced using iso-
demonstrates that expression of all three genes is presentlated inserts from the plasmids pGli, pGli2a, and pGli3a. Filters
in lung mesoderm rather than endoderm. At the pseudo-were hybridized for 16 hr, then washed at 657C in 21 SSC (11 SSC:
glandular stage, all three Gli genes are extensively expressed0.15 M NaCl, 0.015 M sodium citrate, pH 7.0) and then in 0.1%
in the mesoderm of all ®ve lobes (shown at E11.5 and E12.5SDS. Hybridized membranes were exposed to Kodak XAR-5 ®lm
at 0707C. Exposure times were overnight (Shh, Ptc, and b-actin), 2 in Fig. 1). The expression is not uniform, however, and each
days (Gli and Gli2), and 5 days (Gli3). Autoradiograms were scanned gene shows a distinct pattern of stronger and weaker expres-
using a laser densitometer (Bio-Rad Laboratories, Richmond, CA). sion, which was revealed by stopping the color reactions at
Signals were normalized to the signal obtained using the b-actin several time points for each gene.
probe. All three genes are expressed at higher levels in distal
mesoderm than in proximal mesoderm, such as around the
trachea and primary bronchi. This bias is most readily ap-
Mutant and Transgenic Mice parent for Gli, which is expressed at high levels in the meso-
derm around each individual bud of the distal endodermGli3XtJ mice were obtained from The Jackson Laboratory (stock
(Figs. 1A and 1E). It is least obvious for the Gli2 gene, whichNo. JR0026; The Jackson Laboratory, Bar Harbor, ME) and were
is expressed quite strongly in mesoderm around the tracheamaintained on a C57BL/6 background.
(Fig. 1B). Gli3 is intermediate in its localization, being nei-SP-C±Shh transgenic embryos were produced and identi®ed ex-
ther tightly restricted to distal mesoderm nor present atactly as described in Bellusci et al. (1997). Brie¯y, the construct
used contained a 3.7-kb human SP-C promoter/enhancer region high levels in the most proximal mesoderm. The distance
driving the expression of a 1.9-kb mouse Shh cDNA, with an SV40 from the endoderm at which the genes are expressed appears
small T intron, poly(A) addition site, and stop codons in all three to vary in a similar way. Section in situ hybridization (data
frames at the 3* end. not shown) reveals that the highest levels of Gli expression
are con®ned to the mesoderm a few cell diameters from the
endoderm. In contrast high levels of Gli2 expression are
Lung and Lobe Measurements observed in cells farther away from the endoderm. Again,
Gli3 is generally intermediate between the tightly localized
Lungs and individual lobes were dissected in phosphate-buffered Gli expression and the more widespread Gli2 expression.
saline containing 0.1% bovine serum albumin. The un®xed tissue
In each lobe the patterns of expression of the Gli geneswas photographed immediately at set magni®cations using bright-
are dynamic and become increasingly complex as the lung®eld illumination and Kodak 64T ®lm. Measurements were made
develops. At E11.5 the three genes are expressed at highfrom the projected slide images and calibrated using images of a
levels at the tips of all the lobes. However, Gli3 is particu-graticule slide photographed at the same magni®cation. Images
were projected perpendicularly onto a vertical screen from a dis- larly highly expressed at the tip of the accessory lobe (black
tance of 10 m. To ensure that no systematic distortion of dimen- arrows in Fig. 1). As development proceeds the distal tips
sions resulted from using the slide projector, we checked that the of the lobes continue to express high levels of the Gli genes
graticule images gave identical measurements when projected hori- (indicated for the right medial lobe, white arrows in Figs.
zontally and vertically. Measurements termed ``length'' and 1E±1G), but further centers of high expression are added to
``width'' were taken between recognizable features on each lobe, each lobe. The dynamics of these various expression pat-
as shown in Fig. 5A. Tests of hypotheses concerning between-group
terns appear to be related to the pattern of branching ofcomparisons were performed using the Student's t test with Bonfer-
the endoderm. For example, in the right caudal lobe, well-roni adjusted P values to reduce potential a error (total a £ 0.05).
developed buds, associated with high levels of Gli expres-Tests were performed without assuming that the Gli3XtJ/Gli3XtJ and
sion, are present both distally and laterally before they formcontrol populations have the same variance. Length/width ratios
were analyzed in the same tests but ®rst underwent a logarithm caudolaterally. Up until E12.5 the caudolateral region,
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FIG. 1. Spatial expression of the Gli genes in the embryonic mouse lung. Whole-mount in situ hybridization on lungs at E11.5 (A±D)
and E12.5 (E±H) with DIG-labeled antisense riboprobes for Gli (A, E), Gli2 (B, F), and Gli3 (C, G) and with a DIG-labeled sense riboprobe
for Gli2 (D, H). All lungs are viewed from the ventral side. Left and right in these views is indicated by L and R. (i) Right cranial lobe,
(ii) right medial lobe, (iii) right caudal lobe, (iv) left lobe, and (v) accessory lobe. Black arrows mark the tip of the accessory lobe. White
arrows indicate the tip of the right medial lobe. Black dotted lines outline a domain of the caudolateral right caudal lobe, which expresses
high levels of Gli3 RNA (C, G) and low levels of Gli RNA (A, E). Arrowheads in (G) mark regions of strong Gli3 expression in the
mesoderm between buds on the lateral edges of the left and right caudal lobes. See main text for a fuller description of the expression
patterns. Scale bars represent 250 mm.
where buds are absent or immature, expresses only low phases of downregulation of expression levels. During the
pseudoglandular stage the mRNA expression levels of Glilevels of Gli mRNA (dotted lines in Figs. 1A and 1E). In
contrast, the caudolateral part of the right lobe expresses remain constant but those of Gli2 and Gli3 decline from
about E12.5 (®rst phase). After the start of the canalicularhigh levels of Gli3 (dotted lines in Figs. 1C and 1G) and, by
E12.5, Gli3 expression appears to be highest in the meso- stage, from E16.5 onward, Gli and Gli3 mRNA levels stead-
ily decrease (second phase), whereas levels of Gli2 mRNAderm between buds, particularly in the left and right caudal
lobes (arrowheads in Fig. 1G). remain constant until just prior to birth, when all three
genes are downregulated (third phase).
Gli Gene Downregulation in Later Lung
Development Gli Is Upregulated in Response to Ectopic Sonic
Hedgehog
To follow the temporal patterns of expression of the Gli
genes throughout lung development, we used Northern Previously, we had shown that sonic hedgehog and
patched were strongly expressed at the pseudoglandularblots with lung RNA from E11.5 to birth (Fig. 2 and data
not shown). All three members of the family are expressed stage before being downregulated from E16.5 onward (Bel-
lusci et al., 1997). Moreover, studies with transgenic em-at high levels at E11.5 but there are then three distinct
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We conclude that the Gli genes are differentially responsive
to ectopic SHH.
Localized Lung Growth Defects in Extra-Toes
(Gli3XtJ) Mutant Mice
The spatiotemporal patterns of expression of the Gli
genes during lung development suggested that these genes
have roles in lung morphogenesis. For one of these genes,
Gli3, we were able to make use of an existing mouse muta-
tion, Gli3XtJ, to examine lung development in the absence of
FIG. 2. Temporal regulation of the Gli genes in the developing GLI3 function. We examined embryos from crosses between
lung. Northern blot analysis of the levels of Gli family RNAs in Gli3XtJ heterozygotes at E11.5 to E14.5. At these stages the
the lung from the late pseudoglandular stage (E15.5), through the lungs from Gli3XtJ/Gli3XtJ embryos were typically smaller
canalicular stages, and to the saccular stage (E18.5 and newborn).
than those of their littermates (/// and Gli3XtJ//). At E12.5Each lane contains 20 mg of lung total RNA. Hybridization with a
and E13.5, when this defect was most apparent, Gli3XtJ/b-actin probe con®rms that the quantities of RNA present in each
Gli3XtJ lungs were noticeably reduced in width, but did notlane were similar.
appear to be altered in their rostrocaudal extent (shown at
E13.5 in Fig. 5B). To ensure that the small size of the lungs
was not explained by an overall reduction in the size of the
embryo, we recorded wet weights of the embryos (E12.5±
bryos overexpressing Shh throughout the epithelium sug-
E14.5) prior to removing the lungs. At all stages, the Gli3XtJ/
gested that SHH is a positive regulator of Ptc expression in
Gli3XtJ embryos were consistently larger and heavier than
the lung (Bellusci et al., 1997). Northern blot analysis shows the average of their littermates (not shown). In some of the
that Shh expression increases in level during the pseudo- E13.5 embryos, and in the E14.5 embryos, this difference
glandular stage (not shown). At later stages, however, the may be partly accounted for by spinal edema (Johnson,
temporal patterns of Gli, Gli3, Ptc, and Shh expression are 1967).
remarkably similar. We thus asked whether the expression To examine this lung defect in more detail, we dissected
of the Gli genes was altered by Shh overexpression. individual lobes from lungs of Gli3XtJ/Gli3XtJ embryos and
This question was addressed using transgenic mouse em- their littermates at E13.5 and E14.5 and measured their
bryos in which Shh expression is driven from the promoter/ length and width as shown in Fig. 5A. The signi®cance of
enhancer of the gene encoding lung surfactant protein-C differences in these measurements was determined using
(Bellusci et al., 1996, 1997). SP-C is expressed throughout the Student's t test (see Materials and Methods). To quantify
the distal lung epithelium, with increasing expression dur- differences in the shape (rather than size) of the lobes, we
ing later stages of embryonic lung development. Therefore, performed a similar statistical analysis on length/width ra-
the effect of the SP-C±Shh transgene is to reverse the nor- tios. Typical lobes from Gli3XtJ/Gli3XtJ and littermate con-
mal downregulation of Shh. In response to Shh overex- trol embryos at E13.5 are shown in Figs. 5C±5H and the
pression, there is increased cell proliferation, and Ptc, ex- relevant statistical analysis is shown in Table 1. No signi®-
pressed predominantly in the mesoderm, is upregulated cant differences in the right cranial (Fig. 5C) and right me-
(Bellusci et al., 1997; present study Figs. 3C*, 3D*, and 4B). dial (Fig. 5D) lobes were observed between Gli3XtJ/Gli3XtJ
We examined expression of the Gli genes in SP-S±Shh embryos and their littermates. In contrast, the width, but
transgenic and normal lungs at E19.0 by in situ and North- not length, of the right caudal lobe is reduced in Gli3XtJ/
ern blot hybridization and quanti®ed the levels of expres- Gli3XtJ embryos (Fig. 5E; Table 1). The narrowing appears
sion by densitometric analysis of the signals obtained on to occur by a reduction in the tissue just lateral to the caudal
the Northern blots. The SP-C±Shh transgenic lungs used end of the lobe (arrowed) coupled with an alteration in the
contain about 40 times the normal level of Shh mRNA (Figs. arrangement of the remaining tissue. The homozygous mu-
3A*, 3B*, and 4B). We ®nd that Gli, normally expressed at tant lobes thus have a distinctive and consistent shape in
low levels at this stage, is upregulated in the SP-C±Shh which a right angle is formed between the medial and the
transgenic lungs to 2.5 times its normal level (Figs. 3E*, lateral parts of the lobe. The left lobe of Gli3XtJ/Gli3XtJ em-
3F*, and 4A). In the same transgenic lungs, Ptc mRNA is bryos is signi®cantly reduced in width, but is similar in
upregulated to a similar extent (to 3.6 times its normal level) length to littermates, resulting in a signi®cant narrowing
(Figs. 3C*, 3D*, and 4B and Bellusci et al., 1997). The levels in the shape (lower width/length ratio) (Fig. 5F; Table 1).
of Gli2 and Gli3 expression are not altered (Fig. 4A and data Like the right caudal lobe, the defect in the development
not shown), indicating that the increase in Gli RNA levels of the left lobe (Fig. 5F) appears to occur mainly just lateral
to the caudal end (arrow). The accessory lobe of lungs fromis not simply due to increased mesenchymal cell density.
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FIG. 3. Shh overexpression leads to an increase in Gli mRNA levels, but does not affect Gli2 or Gli3 mRNA levels. In situ hybridization
of sections with 35S-labeled antisense mouse Shh, Ptc, or Gli riboprobes. (A, B) Bright- and (A*, B*) dark-®eld micrographs showing Shh
expression in the E19 normal (A, A*) and transgenic (B, B*) lung. (C, D) Bright- and (C*, D*) dark-®eld micrograph showing Ptc expression
in E19 normal (C, C*) and transgenic (D, D*) lung. (E, F) Bright- and (E*, F*) dark-®eld micrograph showing Gli expression in the normal
(E, E*) and transgenic (F, F*) lung. For each gene, dark-®eld micrographs of normal and transgenic lungs are taken with the same exposure
time. Scale bar represents 250 mm.
Gli3XtJ/Gli3XtJ embryos is reduced in width and length, re- width measurements a day earlier. The thickest part of the
lobe (which appears darkest) normally forms a single curvedsulting in a signi®cant change in shape (Fig. 5G; Table 1).
Our measurements at E13.5 show that GLI3-de®cient ``ridge'' from the medial bronchiole to the lateral edge of
the lobe (dotted lines in Fig. 5H). In around 50% of themice have a consistent pattern of size reductions and shape
changes in three of ®ve lobes of the lung. For the right Gli3XtJ/Gli3XtJ lobes examined this ridge forms two lateral
branches, one pointing rostrally, the other caudally.medial lobe, however, there is frequently a shape alteration
at E14.5 (Fig. 5H) that is not revealed by simple length and On the C57BL/6 background that we used, few Gli3XtJ/
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lated Wnt genes could all be downstream of the Gli family
members. We tested this idea for Gli3 by comparing the
expression of Shh, Ptc, Bmp4, and Wnt2 in Gli3XtJ/Gli3XtJ
and control lungs at E12.5 and E13.5. Because the defects in
lung development were localized, we speci®cally examined
marker gene expression in parts of the lung that are morpho-
logically altered in Gli3XtJ/Gli3XtJ mice, the caudolateral
parts of the left lobe and the right caudal lobe. No change
in the localization or level of expression was detected for
any of the markers used at these stages.
There may be some functional compensation between
Gli family proteins, with GLI and GLI2 performing some
FIG. 4. Expression of Gli, Gli2, Gli3, Shh, and Ptc in the normal of the functions of GLI3 in the Gli3XtJ/Gli3XtJ mice. We
and Shh transgenic lung. 10 mg of total RNA from normal and
examined the expression of Gli and Gli2 in the lungs fromtransgenic lungs isolated at E19.0 was analyzed as described under
Gli3XtJ/Gli3XtJ embryos to ask whether, in the absence ofMaterials and Methods. (A) Gli, Gli2, and Gli3 expression in normal
GLI3, there was any compensatory upregulation of the otherand transgenic lung. The same ®lter was hybridized with mouse
Gli family members. No differences in Gli or Gli2 mRNAGli, Gli2, and Gli3 probes. b-actin probe was used as a loading
expression were detected between lungs from Gli3XtJ/Gli3XtJcontrol. Exposure times: Gli, 2 days; Gli2 and Gli3, 1 day; b-actin,
20 min. (B) Ptc and Shh expression in the normal and transgenic embryos and littermate controls.
lungs. The blot was hybridized with mouse Ptc and mouse Shh.
Exposure times: Ptc and Shh, 16 hr; b-actin, 6 hr.
DISCUSSION
Gli Genes Are Differentially Expressed in EarlyGli3XtJ embryos survive beyond E14.5, precluding the analy- Lung Developmentsis of perinatal phenotypes. We were able, however, to ob-
tain a small number (n  9) of older homozygous mutant We have shown that members of the Gli gene family are
embryos with mixed genetic backgrounds (87.5% C57BL/ expressed in distinct spatiotemporal patterns in the mesen-
6) from outbred crosses. Defects in the right medial, right chyme of the developing lung. Many of the mechanisms and
caudal, and accessory lobes of these Gli3XtJ/Gli3XtJ mutants molecules controlling early lung development will operate
at E17.5, E18.5, and newborn were essentially as described throughout the developing bronchial tree. However, the
above for homozygous mutant lungs at E13.5 and E14.5 (Fig. asymmetry of lung development implies that there must
6 and data not shown). The left lobes at these stages are also be speci®c molecular differences within the lung de-
consistently reduced in width, as they are at earlier stages. termining the formation of ®ve separate lobes, each with
However, there is also a variable reduction in the length of its own distinctive shape and branching pattern. At the
the left lobe. This ranges from no apparent difference to the stages we examined by in situ hybridization there is expres-
dramatic reduction in left lobe length apparent in Fig. 6. To sion of one or more of the Gli genes throughout the distal
quantify reductions in the lung size we measured the wet mesenchyme of each lobe. Thus, Gli genes could be im-
weights of whole dissected lungs from a litter at E18.5 portant for processes that occur everywhere in the lung,
which contained two viable Gli3XtJ/Gli3XtJ embryos. The such as proliferation. However, the Gli genes may also play
average weight of the lungs from Gli3XtJ/Gli3XtJ embryos a part in shaping the lung by producing regional differences
was 35% less than that of the littermates (P 0.001). These in cell behavior, since the combination of Gli genes ex-
®ndings suggest that the perinatal consequence of GLI3 de- pressed and/or the level of expression varies across the lung.
®ciency in the lung is a considerable reduction in the total
lung mass and a pattern of localized defects that predomi-
The Temporal Regulation of Gli and Gli3 in thenately re¯ects those described for earlier stages.
Lung Mirrors That of Shh and Patched
With increasing maturity of the lung, all the Gli genesGene Expression in the Gli3XtJ/Gli3XtJ Lung
are downregulated. In the second and third phases of this
downregulation the levels of Gli and Gli3 mRNA declineIn Drosophila, a number of genes have been placed down-
stream of cubitus interuptus including ptc, wg, and dpp gradually from the beginning of the canalicular stage
(around E16.5) until just before birth when there is a sub-(Hidalgo and Ingham, 1990; Motzny and Holmgren, 1995;
SaÂnchez-Herrero et al., 1996; DomõB nguez et al., 1996). If stantial decrease in transcript level. This is remarkably sim-
ilar to the expression pro®le observed for Shh and Ptc inthis part of the hedgehog signaling pathway is conserved in
mammals, then the mouse Ptc gene, the dpp-related bone the lung at these stages (Bellusci et al., 1997). In the Dro-
sophila HH signaling pathways, ci can be upstream of ptcmorphogenetic protein (Bmp) genes, and the wingless-re-
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FIG. 5. Lung phenotype of Gli3XtJ/Gli3XtJ embryos. (A) Schematic of the normal mouse lung viewed ventrally, showing the arrangement
of the lobes and the measurements used to quantify the differences between lobes from Gli3XtJ/Gli3XtJ embryos and their littermates.
Because of the ventral view, left and right are reversed. (B±H) Comparison between the lungs and lobes from Gli3XtJ/Gli3XtJ (0/0) embryos
(right) and from littermate controls (left) at E13.5 (B±G) and E14.5 (H). (B) The lungs from Gli3XtJ/Gli3XtJ embryos are narrower than normal
at E13.5 (shown by arrows). At this stage there are developmental abnormalities in three of the ®ve lobes from Gli3XtJ/Gli3XtJ embryos.
For the right cranial lobe (C) and right medial lobe (D), no signi®cant differences were observed between Gli3XtJ/Gli3XtJ and littermates.
Right caudal lobes (E) and left lobes (F) are both narrower in Gli3XtJ/Gli3XtJ embryos than in controls, and in both cases the greatest
reduction in the homozygous mutant embryo occurs caudolaterally (black arrows). (G) The accessory lobe of Gli3XtJ/Gli3XtJ embryos is
shorter and narrower than normal. (H) Views of the right medial lobe at E14.5. Although there was no signi®cant size difference in this
lobe at E13.5 (D) a difference in lobe shape was observed between homozygous mutants and littermates at E14.5, as revealed by following
the line of greatest thickness of the lobe (dotted lines). (i) Right cranial lobe, (ii) right medial lobe, (iii) right caudal lobe, (iv) left lobe, and
(v) accessory lobe. Scale bars represent 1 mm in B and 500 mm in C±H.
(Hidalgo and Ingham, 1990; Forbes et al., 1993; Alexandre of Shh in the late embryonic lung but, as described above,
they respond differently to Shh overexpression. In the chicket al., 1996). If this part of the HH signaling pathway has
been conserved between Drosophila and mouse, then the limb, ectopic expression of SHH activates GLI expression
but represses GLI3 (Marigo et al., 1996). A differential re-Gli genes expressed in the lung mesenchyme could be some
of the transcription factors that control patched expression. sponse of Gli and Gli3 to Shh may thus be an important and
conserved feature of their regulation in vertebrates, since
it occurs in two different developmental systems, across
Differential Response of Gli Genes to Shh different species.
Overexpression Proper regulation of Shh expression is known to be im-
portant for normal lung development. In the lungs of SHH-Gli, unlike Gli2 and Gli3, is upregulated in response to
overexpression of Shh in the lung. We conclude that SHH de®cient mouse embryos, branching of the endoderm is dra-
matically reduced (Chin Chiang, personal communication).is a positive regulator of Gli expression in the lung, but is
not a major regulator of Gli2 or Gli3. This is consistent Conversely, Shh overexpression leads to hypercellularity
due to an increase in proliferation in epithelium and mesen-with the different pro®les of Gli and Gli2 expression; Gli
expression in late gestation declines over the same time chyme (Bellusci et al., 1997). Gli, expressed in the mesen-
chyme and regulated by Shh, could be mediating the prolif-scale as Shh expression, while Gli2 RNA levels remain con-
stant from E15.5 until just before birth. Curiously, Gli and erative response of the mesenchyme, perhaps acting
through patched.Gli3 have temporal patterns of expression similar to that
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TABLE 1
Statistical Comparison of Lobe Measurements from Gli3XtJ/Gli3XtJ Embryos (Mutant) and Their Littermates (Control) at E13.5
Control Mutant Test performed
Lobe (/// and 0//) mean (SD) (0/0) mean (SD) [1]/[2]  one/two-tailed test
(i) Right cranial (ncontrol  21, n0/0  6)
Length 1340 (134.5) 1238 (160.2) [2]
Width 866 (129.1) 807 (96.84) [2]
Ratio 1.562 (0.1262) 1.532 (0.0441) [2]
(ii) Right medial (ncontrol  21, n0/0  6)
Length 1005 (95.77) 995 (125.0) [2]
Width 806 (123.1) 832 (104.5) [2]
Ratio 1.264 (0.1531) 1.198 (0.0490) [2]
(iii) Right caudal (ncontrol  21, n0/0  6)
Length 1333 (163.8) 1255 (160.4) [2]
Width 801 (102.2) 645 (115.6) [1]
Ratio 1.674 (0.1662) 1.972 (0.2358) [1]
(iv) Left (ncontrol  26, n0/0  7)
Length 1969 (245.7) 1972 (240.7) [2]
Width 1163 (183.7) 994 (143.49) [1]
Ratio 1.706 (0.1341) 1.991 (0.0976) [1]
(v) Accessory (ncontrol  26, n0/0  7)
Length 1075 (135.8) 964 (99.1) [1]
Width 778 (119.0) 613 (102.9) [1]
Ratio 1.391 (0.0909) 1.592 (0.1692) [2]
Note. Pairs of measurements were taken between recognizable points on each lobe, as shown in Fig. 5A, to give consistent measures
(in micrometers) that approximate to length and width. For each lobe, these measurements were compared using the Student's t test with
Bonferroni adjusted P values, without assuming equal variances for the Gli3XtJ/Gli3XtJ and littermate populations. The same procedure
was used to test the length/width ratios except that these ®rst underwent a logarithm transformation to correct for the nonnormality of
the distribution of ratio measurements. Tests were one tailed where the lobe morphology suggested an alteration in a particular direction,
and two tailed otherwise. Measurements for which the mean values of control and Gli3XtJ/Gli3XtJ mutant populations are signi®cantly
different (total a £ 0.05) are indicated in boldface. The standard deviations (SD) for each measurement are given in parentheses after the
mean value.
Possible Evolutionary Signi®cance of a Differential
Response to Shh
Gene duplication events have produced three ci-related
genes in the mouse, all expressed in the developing lung.
The regulation of each gene is different, and only Gli is
upregulated at the transcriptional level in response to sonic
hedgehog overexpression. Two features of the differential
response to SHH are of particular evolutionary interest.
First, unlike Gli, the mRNA levels of Drosophila ci are not
regulated by HH (Motzny and Holmgren, 1995; Johnson et
al., 1995). Similar to Gli in the mouse lung, GLI mRNA
levels in the chick limb are upregulated in response to SHH
(Marigo et al., 1996). These latter experiments suggest that
it is transcriptional activity of Gli genes, rather than mRNA
stability, that is regulated by SHH. Second, the duplication
events that produced the Gli gene family may have allowed
FIG. 6. Phenotype of Gli3XtJ/Gli3XtJ lungs at E18.5. Ventral views
the evolution of a new mechanism by which minor differ-of lungs from a wild-type control embryo (left) and a Gli3XtJ/Gli3XtJ
ences in the level of a hedgehog signal can be interpretedembryo (right). The lung from the Gli3XtJ/Gli3XtJ embryo is smaller
by cells. In Drosophila, CI can effectively amplify a smallthan the control lung and has a left lobe that is considerably reduced
difference in HH signal into a large difference in dpp expres-in length. Right and left in these views are indicated by R and L.
Scale bar, 2 mm. sion. This is because CI activity is regulated by HH,
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and CI can act positively or negatively, in a dose- or act- de®cient embryos do in fact re¯ect a requirement for the
Gli3 gene in lung morphogenesis, possibly in local regula-ivity-dependent manner, in regulating dpp expression
(DomõB nguez et al., 1996). Different functions that must all tion of cell proliferation. The correlation is not perfect, how-
ever, as there are some areas of strong expression, such asbe carried out by the single CI protein in Drosophila could
be divided between the three GLI proteins in vertebrates. in the right cranial lobe, where we did not detect a corre-
sponding mutant phenotype. This may be explained if theThus, GLI proteins working together could accomplish
complex regulatory tasks without any individual protein Gli genes have overlapping functions. Gli and Gli2 are ex-
pressed early in lung development in patterns that overlaphaving to be both an activator and a repressor. In the lung,
for example, the differential response of Gli and Gli3 to that of Gli3 and they may partly compensate for the absence
of GLI3 function in homozygous Gli3XtJ/Gli3XtJ embryos.SHH could be partly responsible for producing the overlap-
ping, but distinct, patterns of Gli and Gli3 expression. Since Our results with Gli3 suggest that it will be of interest
to examine the lung phenotype of Gli- and Gli2-de®cientGLI and GLI3 can have opposite activities when bound to
the same sequence (Sasaki et al., 1997), the differences in mice, as well as combinations of these mutants with each
other and with extra toes mutants. Gli-mutant and Gli2-their relative expression levels could have a major impact
on the expression of a common target gene. It will be of de®cient mice have both been produced recently (Ken Platt
and Alexandra Joyner, personal communication; Mo et al.,interest to investigate whether the Gli genes have common
downstream targets in the lung and to what extent the spa- 1997). No lung phenotype has been reported in Gli20/Gli20
mice and no obvious lung abnormalities have yet been ob-tial patterns of expression of the Gli genes are regulated by
the multiple hedgehog genes. served in Gli0/Gli0 mice. Nevertheless, Gli and Gli2 do
have roles in early lung development since Gli0/Gli0; Gli20/
/ newborns have lungs that are noticeably reduced in size
Lung Defects of Gli3-De®cient Mice and Their (Heidi Park and Alexandra Joyner, personal communica-
Relationship to Gli3 Expression tion). Thus it appears that all three members of the murine
Gli gene family are involved in early lung development andIn order to obtain direct evidence of a requirement for Gli
genes in lung development, we analyzed Gli3XtJ homozy- that their functions overlap.
gous mutant mice. Since Gli3XtJ is a pleiotropic deletion
mutant with an unknown effect on neighboring genes, it is
Lung Defects in Gli3XtJ/Gli3XtJ Embryos:important to be able to relate lung abnormalities to Gli3
Relationship to Pallister±Hall Syndromeexpression. The lung defects in Gli3XtJ/Gli3XtJ embryos in-
volve a consistent pattern of localized size reductions and A 50% reduction in the gene dosage of Gli3 does not
shape changes. This consistency of phenotype does not appear to have major consequences for lung development.
eliminate the possibility that the lung defects are secondary Pulmonary defects have not been associated with disruption
to a speci®c abnormality outside the lung, but does make of the human GLI3 gene in Greig cephalopolysyndactyly
it unlikely that they result from very nonspeci®c causes, (GCPS), nor did we observe any defects in lung development
such as a mechanical compression from crowding of inter- in Gli3XtJ// embryos. Recently, however, two independent
nal organs in Gli3XtJ/Gli3XtJ mice (Johnson, 1967). Pulmo- families have been described in which frameshift mutations
nary hypoplasia is commonly found in cases of congenital in GLI3, just 3* of the zinc-®nger encoding domains, are
diaphragmatic hernia. However, examination of the dia- associated with Pallister±Hall syndrome (PHS) (Kang et al.,
phragm following careful removal of the liver from Gli3XtJ/ 1997). These mutations are predicted to cause protein termi-
Gli3XtJ embryos at E14.5 (n  6) demonstrated that lung nations, yielding truncated proteins that may act in a domi-
defects occurred where there was no obvious diaphragm nant negative fashion, perhaps explaining the severity of
abnormality. PHS in relation to GCPS (Kang et al., 1997). Interestingly,
Gli3 is expressed in the lung as early as the ®rst pulmo- lung lobulation defects, and other developmental abnormal-
nary defects that we can detect in Gli3XtJ/Gli3XtJ embryos. ities of the respiratory system such as tracheal stenosis,
Furthermore, there is a correlation between the sites of have been described in patients with Pallister±Hall syn-
strong Gli3 expression and the location of the most obvious drome (Hall et al., 1980; Iafolla et al., 1989; Thomas et al.,
size reductions in the lungs of Gli3XtJ/Gli3XtJ embryos. Strik- 1994; Verloes et al., 1996). Thus in man, as in mouse, ge-
ingly, we ®nd that the defects in the left lobe and right netic evidence indicates that the GLI genes are essential for
caudal lobe at E13.5 are most severe caudolaterally, in re- the correct morphogenesis of the lungs.
gions that have expressed high levels of Gli3, at E11.5±
E12.5. Moreover these are regions which have, up until
E12.5, only expressed low levels of Gli. The accessory lobe, ACKNOWLEDGMENTS
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